Optical profilometry is widely applied for measuring the morphology of objects by projecting predetermined patterns on them. In this technique, the compact size is one of the interesting issues for practical applications. The generation of pattern by the interference of coherent light sources has a potential to reduce the dimension of the illumination part. Moreover, this method can make fine patterns without projection optics, and the illumination part is free of restriction from the numerical aperture of the projection optics. In this paper, a phase-shifting profilometry is implemented by using a single liquid crystal (LC) cell. The LC phase modulator is designed to generate the interference patterns with several different spatial frequencies by changing selection of the spacing between the micro-pinholes. We manufactured the LC phase modulator and calibrated it by measuring the phase modulation amount depending on an applied voltage. Our optical profilometry using the single LC cell can generate multi-spatial frequency patterns as well as four steps of the phase-shifted patterns. This method can be implemented compactly, and the reconstructed depth profile is obtained without a phase-unwrapping algorithm.
Introduction
Optical profilometry is a technique to measure the shape of objects and their depth information without contact. It has been applied for robot vision systems and medical imaging equipments. It computes depth of objects from images acquired under a predetermined pattern illumination. The illuminated pattern is measured as deformed resulting from morphology of the object because the projection reference points for illumination and acquisition are spatially separated. So, the surface profiles of the objects are computed from the amount of deformation.
In an optical profilometry, a phase-shifting method is usually applied to compute an object surface [1] [2] [3] . This method has been developed to eliminate the autocorrelation and twin noise of signal in holography [4] . In holography, the cosine ambiguity results in the reconstruction of the autocorrelation and twin noise of signal. Thus, measurements of more than two interferograms provide the separation of the signal from twin noise. This method is also useful in profilometry for reducing the cosine ambiguity in reconstructing the phase profile. In addition, this reduces the noise effectively from unexpected ambient light.
In profilometry, phase-shifting is realized by movement of the illuminated pattern. In this paper, this movement is generated by modulation of one optical path in an interferometer in optical profilometry. To modulate the phase, several electro-optic devices have been proposed. Among them, an acousto-optic modulator [5] or a mirror-mounted piezostage [6] is widely used for phase modulation, but these devices have disadvantages in implementing compactly integrated optics. To construct a robust system against vibration, necessary to achieve the reasonable repeatability, a wave-front splitting interferometry was used in this paper. From the viewpoint of the size of the system, a liquid crystal (LC) modulator has a potential to be integrated compactly by placing it before or behind double slits. The LC is an optically anisotropic material that has different refractive indices depending on the extraordinary and ordinary axes, and its orientation. Resultant phase delay can be controlled according to an applied field. By using the voltage-controllable phase delay or retardation, many electro-optic devices and their applications, such as a tunable grating [7] , a switchable gradient index lens [8] , a phase modulator [9, 10] , and a LC spatial light modulator [11] , have been studied so far. However, most conventional optical profilometry systems utilizing the electro-optic effects of the LC have been implemented by bulky and expensive LC-based spatial light modulator panels to generate dynamic beam patterns.
A multi-spatial frequency method is applied to extract depth information of an object with large depth discontinuity. In this method, periodic beam patterns having various spatial frequencies are illuminated on an object surface. Two different spatial frequencies can synthesize a lower spatial frequency that is represented by a synthetic wavelength because a beat wavelength is longer than the original wavelengths [12] . In other applications, a set of patterns can be illuminated at the same time, where the fringe patterns have two or more spatial frequencies [13] . As in the other projection method utilizing the advantage of the multi-spatial frequency scheme, fringe patterns with several different spatial frequencies can be sequentially projected on objects. The deformations of these illuminated patterns are also measured sequentially. This improves the detectable range of depth and the depth of measurement accuracy by utilizing multi-spatial frequencies [14] . After measuring the phase information of the objects, their depth is computed. To extract the depth profile from the phase map, phase unwrapping can be used [15] . However, this requires iterative calculations to enhance its accuracy [16] . The triangulation method is also applied instead of the phase unwrapping method [14] .
The optical profilometry applies a coherent light source to generate a pattern. The spatial frequencies of the patterns are determined by interference. So, by changing the interference condition, the spatial frequency is controllable [17] . The periods of the interference patterns can be also changed by varying the wavelength of the coherent light source, even though the distance generating the fringe patterns is not changed [18] . But, in this case, a color-switching light source is required for their system. In this paper, we devised an LC phase modulator with a micro-pinhole array. We implemented the phase shift by modulating the phase delay of one of the LC layers on two pinholes. By changing the distance between the two pinholes from the pinhole array, the multispatial frequency scheme is also utilized in a single LC cell to improve depth accuracy after 3D depth reconstruction.
This paper is organized as follows. In Section 2, the structure of our device and its fabrication procedure are described. It is calibrated by measuring the phase modulation according to an applied voltage. In Section 3, the computational process is explained for extracting the depth information based on the fictitious pattern scanning method with the multispatial frequency measurements. In Section 4, experimental results are demonstrated and discussed. Finally, conclusion and perspective are provided in Section 5.
LC Phase Modulator

A. Structure of LC Phase Modulator and Its Fabrication
The LC phase modulator was designed to implement both the phase shift and the multi-spatial frequency scheme in our profilometry. Its basic structure consisted of the single LC cell and the micro-pinhole array formed with the patterned aluminum layer at the backside of a glass substrate, as shown in Fig. 1 . The distances between the two pinholes among the pinhole array were Δg 200, 400, 600, and 800 μm. The spatial frequency was sequentially controlled by translating the LC phase modulator. To control the amount of phase modulation of the LC cell for the phase shifting scheme, transparent electrodes of indium thin oxide (ITO) were deposited on the inner side of two substrates. The half area of the ITO electrode on the backside glass substrate was etched out so that a light coming from one pinhole experienced fixed optical path length (OPL) after passing through the LC layer, irrespective of an applied voltage. On the other hand, the OPL from the other pinhole can vary by a voltage applied between the two ITO electrodes. To promote a vertical LC alignment in the field-off state, homeotropic LC alignment layers were deposited on two ITO-coated substrates, and the anti-parallel rubbing was conducted to produce a pretilt condition on the LC alignment layer. A nematic LC (NLC) with a negative dielectric anisotropy (Δε −3.8) was used for the phase modulation layer, where the optical anisotropy of the LC was Δn 0.0870 (the extraordinary refractive index n e 1.5634 and the ordinary refractive index n o 1.4764) at λ 633 nm. The cell gap of the LC cell was maintained by spacers with diameter of d 10 μm. Figure 2 shows the LC director distributions depending on the patterned electrode on the backside glass substrate without and with an applied voltage. Due to the alignment condition, the LC was aligned with the homeotropic geometry at a field-off condition, as shown in Fig. 2(a) . In this case, two rays making two point sources for interference after passing through two pinholes experience the same refractive index of n o due to the optically uniaxial property of the NLC. With increasing an applied voltage, the NLC molecules between the ITO electrodes are reoriented along the perpendicular direction to an applied field direction. This is due to the negative dielectric anisotropy of the NLC, which makes the voltage-variable OPL region (OPL I ) generate interference-shifting patterns through the two pinholes, as shown in Fig. 2(b) . By increasing the applied voltage, the extraordinary ray traveling in the OPL I experiences the effective refractive index of LC changing from n o to n e . On the other hand, the LC molecules on the areas, where the ITO was etched out, remain with the initial homeotropic distribution, irrespective of an applied voltage. This plays the role of the fixed OPL region (OPL II ). Therefore, the optical path difference from the two pinholes can be electrically controlled.
In the LC phase modulator, the backside glass substrate having the patterned ITO electrode and the Al layer with the micro-pinhole array was made by the semiconductor process. The micro-pinhole array on the Al layer needs to be accurately aligned with respect to the patterned ITO electrode. This was done to apply a voltage on the proper part of the LC cell. Figure 3 shows the fabrication process of the backside glass substrate in our LC phase modulator. The patterned ITO electrode was formed by photolithography on the front surface of the backside glass substrate. A positive photoresistor (AZ-1512, Clariant Co.) was used for the passivation layer during the etching process. As an ITO etchant, LCE-12K (Cyantek Co.) was used. Next, the Al layer with the micropinhole array was formed on the back surface of the backside glass substrate. For the pinhole array pattern, a lift-off process was used. This prevented the damage of the ITO electrode from the Al etchant. On the back surface of the glass, SiO 2 was deposited by the plasma-enhanced chemical vapor deposition to improve adhesion between the glass and the negative photoresistor (AZ-5214, Clariant Co.) coated on it. The photoresistor was patterned by the photolithography. Al was deposited by the electron-beam evaporator. After the lift-off process, the micropinhole array with different periods was prepared. The diameters of the pinholes were 100 μm. The patterned ITO and the patterned micro-pinhole array were precisely aligned with align-markers to avoid the effect of the electric field in the OPL I on the LC molecules in the OPL II .
B. Calibration of LC Phase Modulator
In this section, the measurement and the calibration of the phase modulation are described and the equipment is explained. Figure 4 shows a schematic to measure the properties of the LC phase modulator. The beam coming from He─Ne laser (633 nm) was passed through the iris for eliminating noise light. It was changed to linearly polarized light by a polarizer whose transmission axis was set to be parallel to the rubbing direction of the LC alignment layer. Next, the linearly polarized beam entered into the LC phase modulator with the micro-pinhole array. The micro-pinholes act as Young's slits and generate the fringe patterns. The fringe patterns generated by the LC phase modulator were expanded 20× by a microscope before being captured by a CCD camera (FL2-14S3H, Pointgrey) with 4.4 μm pixel pitch. The function generator (DS345, Stanford Research System) was controlled by the general purpose interface bus (IEEE 488, National Ins.) to apply a voltage to the LC phase modulator. To control the phase modulation of the LC layer, an alternating current (AC) voltage with 1 kHz was applied to the cell. The AC voltage by the function generator was linearly amplified by using the voltage amplifier (A400, FLC Electronics). All the measurement equipment and the reconstruction process were controlled automatically by using MATLAB.
When the incident light having a wavelength λ enters into the LC phase modulator with the patterned micro-pinhole array, with a pinhole spacing of Δg, and then focused by a lens with a focal length of f , the fringe pattern intensity (I int ) of the interferometer on the CCD with the pixel pitch of p is given by [19] I int m I int;0 cos2πmp∕Λ M Phase ;
where m is an index of the CCD in the y-direction, as shown in Fig. 4 . This is related with p; M Phase is the amount of phase modulation. The period of the fringe pattern is defined as
The value of phase shift of the interferometer is estimated easily by measuring the amount of a fringe-pattern-shifting image over one period [18] . However, to develop measurement accuracy, the captured fringe-pattern image is calculated by using the discrete Fourier transform method. The discrete Fourier transform of I int m is represented as
where ω N is the N th root of unity, and N is a side length of the region of interest in the CCD over the pixel pitch. Therefore, the amount of phase modulation M Phase is calculated by Figure 5 shows the fringe patterns with four different phase shifts by the LC phase modulator. Here, the fringe patterns were generated by two pinholes with the same spacing (Δg 600 μm). Figures 5(a)-(d) are the fringe patterns with the applied voltage conditions of 0, 4.2, 5, and 6.8 V, respectively. They correspond to M phase 0, π∕2, π, and 3π∕2 in the LC phase modulation amounts. As the applied voltage increases, the value of phase shift also increases. So the fringe pattern is spatially moved due to the change of the amount of phase shift. Figure 6(a) shows the characteristics of the phase modulation amounts of the LC phase modulator depending on Δg of the micro-pinhole arrays according to the applied voltages. The phase modulations were measured by increasing the applied voltage with 0.2 V. From the fringe patterns moving according to an applied voltage, the phase shift amount was calculated using Eq. (4). Due to increase of the extraordinary refractive index in OPL I , the amount of phase modulation increased in all sets of the micro-pinhole array. However, the amounts of phase modulation were different depending on the set of the micro-pinhole array due to the cell gap variation caused by the assembly of two substrates. This shows that our calibration step for precise premeasurement of the phase modulation amount of the LC phase modulator is important for obtaining accurate depth profiles from the fictitious fringe pattern. The range of phase modulation was over 3π∕2, as shown in Fig. 6 . This shows that the LC phase modulator is appropriate for a four-step phase-shifting method. To utilize the four-step phase-shifting method with increase of π∕2 phase shift, the voltage conditions were measured. Figure 6(b) shows the voltage conditions required for the four-step phase modulation of the fringe patterns projected by two pinholes of Δg 600 μm among the pinhole array. The maximum phase error for relative phase modulations of 0, π∕2, π, and 3π∕2 was 0.08 rad, which can be improved by reducing the voltage sweeping interval. The response time required for the four-step phase-shifting from 0 to 3π∕2 rad was measured at about 49.6 ms.
Depth Extraction from Multi-Spatial Frequencies
Optical profilometry was constructed with the LC phase modulator. The designed fringe pattern was projected on an object, and the projected image was measured by a camera whose reference point was placed apart from the LC phase modulator. Figure 7 shows the geometric parameters of the optical profilometry. Both optical axes of the LC phase modulator and the camera were located in a yz-plane. The fringe pattern from the LC phase modulator was magnified by the microscope. The center of the aperture stop of this microscope was positioned at y M ; z M . The reference point of the camera is denoted as y C ; z C in Fig. 7 . The optical axis of the LC phase modulator was parallel to the z-direction, and the optical axis of the camera was tilted by a tilt angle (φ c ).
A point on the objects is able to be represented as the geometric parameters of the optical profilometry. This point of interest (POI) was denoted as y POI ; z POI . An angle of the line from y M ; z M to y POI ; z POI with respect to the optical axis of the LC phase modulator was defined as α. With respect to the optical axis of the camera, the angle of the line from y C ; z C to y POI ; z POI was defined as θ POI . By using triangular functions, the position and the angle parameters were related as [14] 
From Eqs. (5a) and (5b), z POI andy POI were derived as
In Eqs. (6a) and (6b), z POI andy POI were represented by the geometrical parameters. The angle α was related with the movement of the fringe pattern by phase shift. The angle θ POI was computed from the position of POI on the image captured by the camera. If a pattern with a single bright spot is projected on the objects, the illuminated points are regarded as POI. By using Fourier series expansion, this fictitious pattern was able to be numerically reconstructed as a superposition of several sinusoidal fringe patterns.
By the four-step phase-shifting method, the real and imaginary terms of the wave generating fringe patterns were calculated as cos2πf n η I n;0 η − I n;π η∕2;
sin2πf n η I n;3π∕2 η − I n;π∕2 η∕2;
where η is a vertical position on the image taken by the camera, and f n is the spatial frequency of the fringe pattern. The subscript n indicates a natural integer. In our structure, the spacings between the two pinholes were made to be Δg 200, 400, 600, and 800 μm. So the nth spatial frequency was given by
From Eqs. (7a) and (7b), the wave-generating fringe patterns with the spatial frequency f n were represented as
The superposition of the waves H n η with different spatial frequencies was able to reconstruct the fictitious pattern with the single bright spot over the maximum period. This was determined by the lowest spatial frequency. This fictitious pattern was given by Wη; s real X n exp−j2πf n sH n η ;
where s the scanning position proportional to the angle α and specifies a POI. The relation between α and s was given by α α n f n s;
where α n is an angular interval among the chief rays passing through the positions where constructive interference appears on the fringe pattern with the nth spatial frequency. The positions of z POI and y POI were computed by changing the scanning position from Eq. (10). The brightness on the image changes according to the scanning position s since the fictitious pattern illuminates only POI on the object.
The maximum values of brightness at every point were found to be in the overall range of the scanning position of s.
The maximum values were defined by Rη maxfWη; sg;
where maxf·g is a function to return the maximum value along the scanning position. The set of scanning position resulting in the maximum values of brightness at each position was calculated as Pη fsjWη; s Rηg:
From Eqs. (11) and (13), the set of angles α was derived. The angle θ POI was computed from the field of view of the camera. Therefore, the positions z POI and y POI are specified by using Eqs. (6a) and (6b).
Experimental Results and Discussion
As shown in Fig. 7 , our profilometry system needs to be defined by the geometric parameters. Figure 8 shows the experimental setup of the optical profilometry system with the LC phase modulator. All the optical components were constructed by following the geometric parameters described in Fig. 7 . The polarized coherent light passes through the LC phase modulator, and the micro-pinholes on the LC phase modulator function as the wavefront-splitting interferometer. The LC phase modulator was movable along the x-axis with a translation stage to determine the spatial frequency of the fringe pattern by selecting the spacing between the micro-pinholes. The fringe pattern from the LC phase modulator was expanded with the microscope to project on the objects. The fringe patterns projected on the object were captured automatically by using the camera, which was fixed on the upper side of the He-Ne laser.
In optical profilometry, the amount of the movement of a fringe pattern depends on the variation of the depth profile. For example, the fringe pattern located on the object surface far from the background is moved more than the fringe pattern on the object located close to the background. Figure 9 shows that the CCD camera images of the object with a slanted surface and the fringe patterns projected on the object with various spatial frequencies by switching the pair of micro-pinholes for an interference pattern. To demonstrate the accurate depth extraction with our optical profilometry, the slanted flat surface with a high depth discontinuity was used as the object surface.
As shown in Fig. 9(a) , the depth of the slanted flat surface decreases linearly along the y-axis. Its slope Fig. 9(a) , which is reconstructed (a) with two spatial frequencies and (b) with multi-spatial frequencies (Media 10).
was 0.56. The measured area is represented in Fig. 9(a) with a dotted line. The fringe patterns, projected with four-spatial frequencies on the object, were captured as shown in the CCD images from Figs. 9(b)-(e). In Fig. 9(e) , the brightness of the fringe pattern was relatively low because the intensity distribution of the incident light source was not uniform. Figure 10 shows the reconstructed depth profile of the object shown in Fig. 9(a) . To compare with our four-spatial frequency profilometry, the depth profile reconstructed with only two spatial frequencies is demonstrated in Fig. 10(a) . They were generated by the interference patterns from the micro-pinholes with Δg 200 and 800 μm spacing. On the other hand, the depth profile in Fig. 10(b) was reconstructed by the fringe patterns with the four-spatial frequency scheme. In both results, the coherent light source used in our system generated the speckle and haze noise in the fringe patterns inevitably. This resulted in the noise in the shape of the reconstructed images. However, the reconstruction by using more spatial frequencies showed better accuracy. The main reason is that the peak in the fictitious pattern was shaper with the four-spatial frequencies than that with twospatial frequencies, as expected from Eq. (10) [14] .
Slope of the slanted surface from the reconstructed depth profile was 0.58. This was comparable to the slope of the real object. The standard deviation error of the reconstructed 3D depth image from the real surface profile of the slanted object was 2.13 mm.
To see the four-spatial frequency scheme with our LC phase modulator, three spheres with different positions and depths were placed apart from each other. They were used as the objects, as shown in Fig. 11(a) . The diameters of the spheres were identical at 40 mm. The three spheres were placed on bars. These bars were equally positioned with an interval of 40 mm along the x-direction with each other. The height difference between the spheres was 10 mm. The frontview image of the objects is shown in Fig. 11(a) . The left and right spheres were placed behind the center sphere with a distance of 50 mm and 40 mm, respectively, along the depth (z-direction) direction. Figures 11(b)-(e) show the fringe patterns projected on the objects with the four-spatial frequencies. Figure 12 shows the reconstructed depth profile of the objects. In Fig. 12(a) , the position profiles of the object in the transverse plane can be identified. The diameter of each sphere was about 40 mm, and the horizontal and vertical intervals were 40 mm and 10 mm, respectively. This showed the arrangement of the real objects. The reconstructed shape of the right sphere was slightly different from a perfect circle. In our system, shown in Fig. 8 , the optical axis of the LC phase modulator and the optical axis of the camera were placed with an angle of φ c to extract the depth information of the object. So, some points of the spheres were not illuminated by the fringe patterns, even though they were detectable by the CCD camera. In Fig. 12(b) , the depth profile of the objects in longitude are identified such that relative depth profiles of the objects in the left and right sides were 49 mm and 41 mm, respectively, from the object in the center. These values were comparable to the real positions of the objects within a 1 mm error.
Conclusion
Optical profilometry is widely used to compute the morphology of objects by projecting predetermined patterns on an object. We proposed a profilometry that could utilize the four-spatial frequency schemes and the phase-shifting scheme in depth extraction with a single LC phase modulator. The scanning fictitious pattern could be constructed reliably by precise four-step phase-shifting of the LC phase modulator. This enabled our system to reconstruct 3D depth profiles from the geometric parameters of the optical components without the conventional phase unwrapping process. The depth accuracy of the reconstruction could be enhanced by the fringe patterns with the four-spatial frequency, which was made by selectively switching the micro-pinhole array in our LC phase modulator. The proposed scheme and the profilometry system utilizing the LC phase modulator is expected to be widely used by several industrial fields requiring noninvasive depth imaging in a compact system.
